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A large high-altitude air-shower observatory (LHAASO) is to be built at Shangri-La, Yunnan Province,
China. This observatory is intended to conduct sub-TeV gamma astronomy, and as an important
component of the LHAASO project, a water Cherenkov detector array (WCDA) is proposed. To investigate
engineering issues and fully understand the water Cherenkov technique for detecting air showers, a
prototype array at 1% scale of the LHAASO-WCDA has been built at Yang-Ba-Jing, Tibet, China. This paper
introduces the prototype array setup and studies its performance by counting rate of each photo-
multiplier tube (PMT), trigger rates at different PMT multiplicities, and responses to air showers. Finally,
the reconstructed shower directions and angular resolutions of the detected showers for the prototype
array are given.
& 2013 Elsevier B.V. Open access under CC BY-NC-ND license.Y-NC-ND license.1. Introduction
High-energy gamma-ray photons provide insight into the non-
thermal, energetic acceleration process, which occurs in black
holes, neutron stars, supernovae, quasars, and matter-antimatter
annihilations. The study of the gamma-ray spectrum can help
astrophysicists better understand the formation and behavior of
Fig. 1. The pool of the prototype array. The four vertical lines are pillars that are
made of ferroconcrete; black curtains hang on these pillars.
Fig. 2. The detector cells for the prototype array. “CH No” means the corresponding
electronics channel number of the cell.
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(VHE, 4100 GeV) gamma rays has been developed since the
Whipple experiment in 1989 ﬁrst detected TeV gamma radiations
from the Crab Nebula [1]; at this point, this study entered its
golden age. To date, more than 100 VHE gamma-ray sources have
been detected by ground-based imaging air Cherenkov telescopes
(IACTs) and particle detector arrays [2].
The two VHE gamma-ray detection techniques are comple-
mentary with each other in this research ﬁeld. High-energy
gamma rays interact with air nuclei in the atmosphere and
thereby produce a cascade of particles that is called an extensive
air shower (EAS). IACTs are composed of a huge reﬂection mirror
and several hundred PMT pixels at the focus plane that detect the
Cherenkov light that is produced in the atmosphere by ultra-
relativistic particles in an EAS. This technique has the advantages
of excellent angular resolution (o0:11) and strong background-
rejection power (499%). However, IACTs often suffer from a short
duty cycle (∼10%) and a small ﬁeld of view (∼51). In contrast,
ground-based particle detector arrays often consist of several
hundred particle detectors that sample the tails of EAS particles
to reconstruct the shower front. Although this technique performs
poorly with an angular resolution of only ∼0:51, it gives research-
ers a lengthy duty cycle (495%) and a wide ﬁeld of view
(42π=3). Typical experiments on EAS arrays are Tibet ASγ,
Milagro, and ARGO-YBJ, whose interacting mediums are plastic
scintillators, water, and RPC, respectively. Among these particle
arrays, the water Cherenkov technique has the unique advantage
of having excellent background-rejection power that has been
thoroughly veriﬁed by the Milagro experiment.
To be highly competitive in the ﬁeld of gamma-ray astronomy,
next-generation water Cherenkov arrays must be sufﬁciently large
to contain the sub-core of hadronic showers that is necessary to
produce superior background rejection, and furthermore, the
altitude of the location must be higher to receive more shower
secondaries, especially at low energy. Thus, a water Cherenkov
detector array (WCDA) will be an important component of the
LHAASO project, and it will be built with an area as large as
90,000 m2 at an altitude of 4300 m a.s.l. [3]. The WCDA is
conﬁgured with four neighboring 150 m150 m pools. Moreover,
each pool is partitioned by black curtains into 5 m5 m detector
cells with an effective water depth of 4 m. Additionally, each
detector cell has an 8-in. diameter hemispherical PMT at the
center of the bottom that faces upward to receive the Cherenkov
light produced in water by those secondary particles that are
induced by showers.
Because the construction of a WCDA is a large-scale engineer-
ing issue, the basic performance of the water Cherenkov technique
should be well understood before construction begins. Thus, in
addition to a cell-sized prototype water Cherenkov detector [4]
that had already been built, a nine-cell-sized prototype array of
water Cherenkov detectors was built at YBJ, Tibet, in 2011. In this
paper, the setup of the prototype array is introduced, and then, the
measurement results are presented.2. Experimental setup
The prototype array of the water Cherenkov detectors that we
used is located northwest of the ARGO-YBJ experiment hall at an
altitude of 4300 m a.s.l., which corresponds to a vertical atmo-
spheric depth of 606 g/cm2. The main part of the prototype array is
a rectangular pool of water with dimensions of 25 m25 m on
the surface; this pool has sloping angles of 451 on all four sides
that lead to the 15 m15 m bottom area, which is at a depth of
5 m (Fig. 1). The roof of the pool is made of steel plates that can
shield the pool from both rain and external light. The whole arrayhas 33 detector cells, and each cell has dimensions of 5 m5 m;
moreover, these cells are partitioned by 0.5 mm-thick black
curtains made of black polyethylene liners. The effective depth of
the pool's water is 4 m. The layout of the detector cells is shown in
Fig. 2. At the center of the bottom of each cell, a PMT is arranged
such that its photocathode points upward to receive the Cher-
enkov light that is induced by secondary particles in water. In
addition, charge-calibration setups exist in cells No. 2 and No. 5,
and these setups use the muon peak [5] to monitor both the gain
changes of the whole system and the stability of the electronics
system. Each charge-calibration setup is a 1 m1 m bafﬂe that
can be shifted horizontally by manually dragging a cord. During
calibration, the bafﬂe is shifted 15 cm above the PMT to exclude
the Cherenkov light that is generated by most of the electromag-
netic particles and muons that are far from the PMT. In addition to
the above-mentioned facilities, other equipment is set up, such as
an electronics system, a data acquisition (DAQ) system, a water
puriﬁcation and recirculation system, a slow control system, and a
time calibration system; these systems are either deployed in the
pool or in the control room that is adjacent to it.
2.1. PMTs
As important components of the prototype array, PMTs are
used to detect the signals of those air-shower particles that reach
the ground by measuring the arrival time and intensity of the
Cherenkov lights. Among the nine 8-in. PMTs, eight were made by
Hamamatsu (model R5912) and the last one (in cell No. 6) was
made by ET Enterprise (model 9354KB). All of these PMTs operate
at high positive voltages to ensure that the photocathodes are at
the same potential as the surrounding water. Based on the
Q. An et al. / Nuclear Instruments and Methods in Physics Research A 724 (2013) 12–1914experiences of the Milagro and Daya Bay experiments, a new
waterproof potting method is developed to keep the PMT base dry.
The pinout of each PMT is encapsulated in a PVC housing, the PMT
base is coated with epoxy, and the housing is also epoxied to the
glass of the PMT. This potting technique was improved during the
operation and has caused no problems to this point.
To accurately measure the parameters of time and the charges
of the air-shower signals, many characteristics of PMTs require
careful testing. Thus, the single photoelectron (S.PE) spectrum,
high-voltage response, non-linearity, dark-noise rate, transit-time
spread (TTS), rise time (RS), etc. are measured for each PMT [6].
Due to the compromised factors of the dynamic range and signal
amplitude, all of these PMTs are operated at a gain of 2 106.
Because the test methods of the ﬁrst four PMT characteristics that
are listed above are similar to those of the Auger project by
the UCLA group [7], these methods are not introduced here.
To measure TTS and RS, a picosecond laser source (Hamamatsu
C10196) that typically emits stable ultra-short pulses of approxi-
mately 70 ps FWMH is used. The TDC module CAEN V775 records
the ﬂuctuation of the transit time and an oscilloscope (Tektronix
3054B) reads the RS of the PMT signals.
In the measuring results of all of the R5912 PMTs, the peak-to-
valley ratios (P/V) for the S.PE spectrums are larger than 2.5, which
indicate that these PMTs have an excellent charge resolution for
detecting single photoelectrons. According to the relation of gain
vs. HV (gain∼ðHVÞβ), the β values are close to 8. In addition, the
non-linearities reach 10% at 700 PEs at gains of 2 106 for the
current base design. To broaden the ranges of linearity, a new
voltage divider circuit that adds the signal readout from the eighth
and tenth dynodes will be adopted in future WCDA experiment.
The dark-noise rates at gains of 2 106 are all close to 1 kHz when
the thresholds are set at 1/3 PE. Furthermore, the TTS values,
which are roughly equal to 2.4 ns, are very close to the values in
the Hamamatsu datasheets and the RS values are all roughly
3.3 ns. The 9354KB PMT has similar performance to the
R5912 PMTs.2.2. The electronics system and the DAQ system
The readout electronics system consists of nine low-noise and
double-gain preampliﬁers and a 9U digitalizing board that is based
on the VME standard. A schematic of the readout electronics
system is shown in Fig. 3. The digitalizing board is speciﬁcally
developed for WCDA and can hold nine different PMT signals; this
board consists of an analog portion, a digital portion, and a clock
portion. In the prototype array, each PMT signal is sent to a
preampliﬁer through an 11-m long cable; then, the preampliﬁer
divides the signal into two channels with two different gains
(namely, 1 and 25). Next, the two signals from the preampli-
ﬁer's two gains move to the digitalizing board through two 100-m
long cables. Much longer cable than the pool size is used here, for
purpose of investigating the issues of an optional lumped design of
the electronics system for the future large array. Finally, theFig. 3. A schematic of the readout electronics system.information regarding the signals' amplitudes and times is
handled by the digital circuit. The main functions of the digitaliz-
ing board include the reception of GPS data, triggering, and the
measurements of charge and time for the nine PMT signals [8].
The time resolution of the readout electronics system is 0.89 ns
with an RMS of 0.45 ns, and the discrimination of multiple hits
with an interval time of ≥25 ns is capable. The charge resolution at
the S.PE level is approximately 10%. In addition, the dynamic
ranges of the charge measurement for high-gain and low-gain
channels are from 1 PE to 85 PEs and from 60 PEs to 4000 PEs,
respectively. Five trigger patterns are incorporated in the digitaliz-
ing board as follows: (1) within a 100 ns window, more than N
(two, three, or other values as needed) PMTs are ﬁred; (2) within a
100 ns window, two PMTs are ﬁred and ﬁltered at a rate of 1/1000
(thus, there is only one trigger output for every 1000 ﬁrings);
(3) one PMT is ﬁred and ﬁltered at a rate of 1/10,000 ; (4) there is a
mandatory trigger at 1 Hz; (5) there is an external trigger (which
may be from the ARGO-YBJ experiment or other detectors).
Although these ﬁve patterns work in OR mode, the ﬁrst pattern
is only useable for detecting showers. The time window of the
readout for one event is 2 μs to 4 μs.
The hits of PMTs are transferred to the central DAQ system
through the TCP/IP network. The DAQ software is based on the
BESIII [9] software framework, which conﬁgures the electronics
module, reads the data from the board by means of the VME bus,
and then transfers the data to the local PC. The running status and
online histograms that are sampled from the data can also be
shown on screen.
Experience shows that the electronics system and DAQ system
can smoothly operate and satisfy our needs. The upper limit of the
data readout for each channel is approximately 70 kHz.
2.3. The water puriﬁcation and recirculation system
Given the effects of bacteria, dust, and ions, the absorption
length of natural water such as well water is usually less than
10 m. To ensure that the loss of the Cherenkov light that is
generated by the air-shower secondaries in the pool water is less
than 20%, the absorption length of this water must be larger than
20 m; thus, the pool water must be puriﬁed and recirculated.
Therefore, a water puriﬁcation and recirculation system is
designed and deployed in the control room and the pool (Fig. 4);
this system consists of the following consecutive and connected
devices: (1) a multimedia ﬁlter, (2) a carbon ﬁlter, (3) a ﬁne
ﬁltration of 5 μm, (4) a storage tank, (5) a ﬁne ﬁltration of 1 μm,
(6) an ultra-ﬁne ﬁltration of 0:22 μm, and (7) a sterilization setup
with UV lamps that have wavelengths of 254 nm and 185 nm. Well
water is supplied for ﬁlling the pool, which ﬁrst passes through all
of the above devices. When the pool is full, the recirculation
system starts to work in this way: it drains water from the top of
the pool into the storage tank, then it drains the storage tank and
sends the water back into the pool via the last three devices that
are listed above in this paragraph. In this recirculation stage, theFig. 4. A schematic of the water puriﬁcation and recirculation system.
Fig. 6. The measured attenuation lengths for various water samples during a
speciﬁc period. The top plot shows how to obtain the attenuation length of an
arbitrary water sample with a ﬁtting procedure.
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as over time the pool water becomes depleted to a speciﬁc level,
and hence, more well water must be added. The whole system has
a ﬁlling capacity of 85 L/min. Furthermore, the circulation speed of
this system is approximately 30 days per pool volume.
To monitor the real-time water quality online, an attenuation-
length-measurement device was designed and installed in the
control room (Fig. 5); the relevant operation is controlled by the
slow control system (see the next section). The measurement is
conducted based on the fact that different water depths under a
constant light beam lead to different attenuation ratios of the light
intensity. Thus, the light that is received by the PMT at the bottom
of the device, which was emitted by the top LED, differs in
intensity with water levels in the device's tube; the attenuation
length of the water can be derived by exponential law ﬁtting the
relation between the signal's amplitude of the PMT and the water
level in the device's tube. After a period of recirculation, the
measured attenuation lengths of the pool water are more than
20 m (Fig. 6), which indicates that the puriﬁcation and recircula-
tion system can work as required.
Severe radon radioactivity is found in the fresh well water. This
radiation produces ﬂuorescent lights in the water and air, and
some of this light can ultimately reach and ﬁre the PMTs. When
the pool is being ﬁlled, the PMT single-counting rate can be as
high as 60 kHz, which seriously affects the study that the experi-
ment is meant to perform. Fortunately, the half-life of the radio-
activity is just 3.8 days, and as a result, its inﬂuence does not
remain for very long if no new fresh water is added to the pool.
However, this issue means that the waterprooﬁng of the pool must
be solid and the water recirculation system should not use too
much water for cleaning purposes during the operation.
2.4. The slow control system
The development of this system is based on single-chip micro-
computers and an ARM development board (TS-7350). Miscella-
neous sensors are connected to this system to realize the
monitoring of environmental parameters, such as the humidity,
air pressure, and temperature of the control room, the water level
and the temperature of the pool. The analog signals from sensorsFig. 5. A schematic of the device that performs the water-attenuation-length
measurement.
Fig. 7. The water temperature in the pool over 90 days.are received and digitalized by single-chip microcomputers, and
the digitalized data are processed and recorded by the ARM
development board. For instance, Fig. 7 shows the variations of
the pool water temperature over 90 days in the winter. According
to the variation trend, the pool water would not freeze during an
entire winter. In addition, this system has also another function to
control the operation of the attenuation-length-measurement
device: this system supplies the power to the LED and PMT, checks
the PMT signal and water level, controls the water volume in the
device tube by means of two electromagnetic valves, and auto-
matically and remotely measures the attenuation length of different
water samples either daily or as required.
Q. An et al. / Nuclear Instruments and Methods in Physics Research A 724 (2013) 12–19162.5. The time- and charge-calibration system
The measurement precision with respect to time affects the
angular resolution of the detectors. An optical system consisting of
LEDs and ﬁbers is deployed to perform the time calibration. Nine
30 m long ﬁbers, in each of which the time of light transmission
has been carefully measured, are separately attached near each
PMT photo-cathode to guide the light from a same LED to each
PMT. When the LED is pulsed, these nine PMTs receive the light
signal almost simultaneously, so that the detector is triggered and
the time information is recorded. Selecting arbitrarily a PMT as the
reference, the time difference between it and each of the rest PMTs
can be calculated. After pulsing the LED thousands of times, the
mean time difference of each PMT from the reference PMT are
obtained thus the whole array is calibrated. With this conﬁgura-
tion, the precision of time calibration for the whole system can
reach 0.2 ns [10].
Meanwhile, the measurement precision with respect to the
charge affects the energy resolution of the detectors. A detailed
description of the charge-calibration system is given in [11]. The
precision of the charge calibration can be less than 5%.Tr
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The prototype array has been operated intermittently since
August 2011. A series of experimental-performance data have been
obtained, such as the counting rates of the PMTs, cosmic muon
signals [11], the trigger rates at different PMT multiplicities,
detected showers, and the angular resolution of our detectors
estimated by combined analysis with the ARGO-YBJ experiment.
3.1. The counting rates of the PMTs
When the PMT is submerged in water with an area of 25 m2, the
counting rate of each PMT increases because of the inﬂuence of
cosmic rays. Fig. 8 shows the counting rate of each PMT at a
threshold of roughly 1/3 PE when the attenuation length of the pool
water is approximately 7 m. All of the PMTs have counting rates of
approximately 22–30 kHz, and from these data, the counting rates at
a 20 m water-attenuation length are estimated to be within the
range 33–45 kHz and averaged at 40 kHz by the exponential law.
The difference among the PMTs comes primarily from theHigh Gain Charge [ ADC Bin ]
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Fig. 8. The counting rate of each PMT in the pool. Here, the curves for different
channels are not vividly distinguished. Based on the test of these PMTs and the
electronics, a single photoelectron's position appears in roughly 20 counts.uncertainties of the thresholds. Unfortunately, this counting rate
has not been measured while the water quality is better than 7 m, as
the waterprooﬁng of the pool has not been perfect and there is
strong radon radioactivity in the fresh water that is added to
maintain the water level of the pool persists. The counting rates
for PMTs in radon-contaminated water at a 20 m attenuation length
are approximately 60 kHz, which leads to a value of roughly 40 kHz
after the radioactivity contribution is reduced. Thus, the counting
rates estimated by these two methods are in agreement with each
other. As shown in Fig. 8, individual photoelectron signals dominate
the counting rate for each PMT. In addition, the ﬁtted values of a
single photoelectron's peak at each PMT are shown in Fig. 8, and this
peak's position can be used to monitor the gain changes of the PMT
and the stability of the electronics system [11].
In addition, no day-night variation is observed in the temporal
distribution of the single counting rate of all of the PMTs, which
indicates that the light-prooﬁng of the prototype array is reliable.3.2. The trigger rates at different PMT multiplicities
The top of Fig. 9 shows the trigger rate vs. the PMT multiplicity
for our experimental data under the condition that the threshold is
set to 1/3 PE for each PMT. Here, the PMT multiplicity is the
number of PMTs that are required to be in coincidence during a
time window of 100 ns. The multiplicity requirement can be
adjusted in a conﬁguration ﬁle for the electronics system. In
addition, the trigger rates at different PMT multiplicities are
simulated; in this simulation, Corsika [12] is used to simulate the
extensive air showers that are initiated by high-energy cosmic10
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Fig. 9. The trigger rate versus the PMT multiplicity for our experimental data (top)
and the ratio of the trigger rate for the simulation data to that for the experimental
data (bottom).
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and the sampled energy ranges for the primary particles are in the
range from 20 GeV to 100 TeV and have ﬂuxes that follow the
Horandel compilation [13]. The interaction of the secondaryEntries  42183
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Fig. 11. A golden event as detecparticles that are produced in Corsika with the water in the pool
and the responses of the PMTs are simulated in the framework of
Geant 4 [14]. Furthermore, the ratio of the trigger rate for the
simulation data to the rate of the experimental data at different
PMT multiplicities is shown at the bottom of Fig. 9. The trigger rate
of the simulation data is much lower than the trigger rate of the
experimental data, especially at low multiplicities, which is most
likely due to the following reasons: (1) other cosmic-ray compo-
nents excluding protons and helium are not being simulated;
(2) the primary ﬂux at very low energy (o1 TeV) that is extra-
polated from [13] may be underestimated; (3) the injection area of
the shower cores is not large enough, especially for low PMT
multiplicities and low energies of the showers; and (4) the rate of
random coincidence of each PMT's noise is not being considered.
For instance, for the multiplicity of three, the rate of noise
coincidence is approximately 349 Hz, which is 5.5% of the experi-
mental trigger rate. Nevertheless, for such a small array with a
very low energy threshold, the discordance at a level of 25%–50% is
reasonable, and therefore, it is not a serious issue. T
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While detecting showers, the trigger pattern of the electronics
system is set to the ﬁrst case that was mentioned in Section 2.2, i.
e., the data are taken with a requirement that the PMT multiplicity
must be ≥3 within the 100 ns coincidence window. When the PMT
multiplicity that is selected in the ofﬂine analysis is ≥5, the effect
of noise coincidence is negligible; thus, under these conditions
most events should be suitable shower events. By plane-ﬁtting the
arriving time of the photons from these events on each PMT, the
distributions of the zeniths (θ) and azimuths (ϕ) for the shower
directions can be derived as shown in Fig. 10. The mean value of
the distribution of the zeniths is 221.
To illustrate the ﬁtting procedure, as an example, one golden
event that involves at least eight PMTs being ﬁred is shown in
Fig. 11.
3.4. Combined analysis with the ARGO-YBJ experiment
Given that the area of the detectors and the number of detector
cells for the prototype array are very limited, the angularθARGO [ degree ]
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Fig. 13. The Zenith (top) and Azimuth (bottom) reconstructed by the two experi-
ments for the matched shower events.
Fig. 14. The space angles of the reconstructed shower directions between the two
experiments for the matched shower events.resolutions of the detected shower events are very difﬁcult to
estimate. Thus, the ARGO-YBJ experiment is used to aid this study.
By matching the GPS times of events for the prototype array with
the times for ARGO-YBJ, the same showers that were simulta-
neously detected by these two experiments can be sorted out. A
matching window of 1 μs is chosen between the two GPS times.
After taking the trigger rate of these two experiments into
account, it is clear that the probability that two accidental triggers
exist in a window of 1 μs is very close to zero. The reconstructed
shower-core positions from the ARGO-YBJ experiment for the
matched events when at least ﬁve PMTs of the prototype array
were ﬁred are shown in Fig. 12. It is clear that these shower cores
are most likely distributed towards the north–west, where the
prototype array is located; this result veriﬁes that most of these
matched signals from the two detectors came from the same
showers.
The shower directions of the matched shower events from
these two experiments are separately reconstructed for both
experiments. The zeniths and azimuths that were reconstructed
from these two experiments are shown in Fig. 13. Furthermore, the
space angles between these reconstructed shower directions are
shown in Fig. 14, which peaks at 7.11. These angles can be used to
obtain the angular resolution of the prototype array, which also
include the contributions of the shower curvature (∼3:21) and the
angular resolution of the ARGO-YBJ for the matched shower events
(∼11). Thus, deducting these two contributions, the angular reso-
lution of the prototype array of water Cherenkov detectors is
approximately 6.31, which is roughly in agreement with the value
of 61 from a simple estimation.4. Summary
After operating the prototype array of the LHAASO-WCDA
project for more than one year, a great deal of important
experience has been gained that is particularly pertinent to the
engineering aspects of the array. In addition, many performances
of the water Cherenkov technique and PMTs have been under-
stood. Moreover, a dedicated electronics board for the speciﬁc
water Cherenkov experiment was developed, we conﬁrmed that
Q. An et al. / Nuclear Instruments and Methods in Physics Research A 724 (2013) 12–19 19the DAQ system can smoothly control the data taking procedure,
and the functionality of a prototype slow control system was
veriﬁed. Furthermore, a water puriﬁcation and recirculation
system was deployed, and its preliminary running status shows
that the pool water can be puriﬁed and maintained at a sufﬁcient
quality to conduct the experiment.
The prototype array of water Cherenkov detectors has success-
fully detected and reconstructed shower events. Analysis of the
obtained data combined with the results of the ARGO-YBJ experi-
ment shows that the angular resolution on detecting showers for
the prototype array is within expectations, which indicates that
there is no problem in the time measurements of the experiment.Acknowledgments
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